Plants are master regulators of rhizosphere ecology, secreting a complex mixture of compounds into 20 the soil, collectively termed plant root exudate. Root exudate composition is highly dynamic and 21 functional, mediating interactions between plants and a wide range of beneficial / harmful soil 22 organisms. Exudate composition is under selective pressure to diversify in response to pathogen 23 perception, whilst maintaining interactions with beneficial organisms. However, crop domestication 24 has exerted significant and unintended changes to crop root exudate composition, and we know very 25 little about genotype -phenotype linkages that pertain to root exudates and rhizosphere interactions. 26 Better understanding could enable the modulation of root exudate composition for crop improvement 27 by promoting positive, and impeding negative, interactions. Root expressed transporters modulate 28 exudate composition and could be manipulated towards the rational design of beneficial root exudate 29 profiles. Using Virus Induced Gene silencing (VIGS), we demonstrate that knockdown of two root-30 expressed ABC transporter genes in tomato cv. Moneymaker, ABC-G33 and ABC-C6, alters the 31 composition of semi-volatile compounds in collected root exudates. Root exudate chemotaxis assays 32 demonstrate that knockdown of each transporter gene triggers the repulsion of economically relevant 33 Meloidogyne and Globodera spp. plant parasitic nematodes, which are attracted to control treatment 34 root exudates. Knockdown of ABC-C6 inhibits egg hatching of Meloidogyne and Globodera spp., 35 relative to controls. Knockdown of ABC-G33 has no impact on egg hatching of Meloidogyne spp. but 36 has a substantial inhibitory impact on egg hatching of G. pallida. ABC-C6 knockdown has no impact 37 on the attraction of the plant pathogen Agrobacterium tumefaciens, or the plant growth promoting 38 Bacillus subtilis, relative to controls. Silencing ABC-G33 induces a statistically significant reduction in 39 attraction of B. subtilis, with no impact on attraction of A. tumefaciens. ABC-C6 represents a promising 40 target for breeding or biotechnology intervention strategies as gene knockdown (-64.9%) leads to the 41 repulsion of economically important plant parasites and retains attraction of the beneficial 42 rhizobacterium B. subtilis. This study exposes the link between ABC transporters, root exudate 43 composition, and ex planta interactions with agriculturally and economically relevant rhizosphere 44 organisms, paving the way for an entirely new approach to rhizosphere engineering and crop 45 protection. 46 47 560 VIGS plasmids pTRV1 and pTRV2 were kindly provided by Prof. Ian Graham, University of York. A.
. It is estimated that between 5% and 21% of 58 all photosynthetically-assimilated carbon is released as root exudate (Jones et al. 2009; Marschner, 59 1995) . 60
The process of crop domestication has focused on a small number of desirable traits, relating 61 to plant stature, yield and disease resistance often at the expense of other traits. 62
For example, there is evidence that the domestication process has exerted a significant and 63 unintended impact on root exudate composition, and rhizosphere microbe interactions (Iannucci et 64 al., 2017; Bulgarelli et al., 2015) . A general lack of understanding and mechanistic insight represents a major impediment to the exploitation of root exudates for crop improvement. However, it is clear that 66 root exudate composition is an adaptive trait, which can be manipulated. For example, much progress 67 has been made in understanding the interaction between root exudates, and parasitic Striga spp. over 68 recent years. This insight has underpinned efforts to alter exudate strigolactone content, a known 69 germination stimulant and attractant of these economically important and globally distributed 70 parasitic plants ( The rhizosphere microbiome is also a major contributing factor to crop health ( 
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107
Knockdown of tomato ABC transporter genes by VIGS 108
VIGS was used to co-silence two genes of interest (ABC-C6 or ABC-G33), alongside a visual reporter 109 gene, Phytoene DeSaturase (PDS). Knockdown of PDS triggers a mild leaf bleaching phenotype (Winzer 110 et al., 2012) . Co-silencing was necessary to identify responsive plants for exudate collection and 111 downstream bioassays; not all plants will trigger a viable RNAi response to VIGS challenge. We 112 observed that plant growth rate was reduced by over 75% relative to control treatments when using 113 the traditional blunt syringe inoculation method. We therefore sought to develop a less damaging 114 approach to inoculation of A. tumefaciens (containing the VIGS plasmids). We discovered that A. 115 tumefaciens cultures could efficiently invade leaf cells when applied topically to tomato seedling 116 cotyledons with Silwett L-77, which is frequently used to aid A. tumefaciens invasion during floral dip 117 transformation protocols (Clough & Bent, 1998). Following topical application of A. tumefaciens 118 (containing the VIGS plasmids), we did not observe any reduction in plant growth rate, and bleaching 119 phenotypes typically began to develop within 11 days and peaked at around 21 days post inoculation. 120
Bleaching phenotypes following blunt syringe application began to emerge around 15 days post 121 inoculation, and similarly peaked around 21 days post inoculation. Furthermore, the frequency of 122 plants demonstrating the mild photobleaching phenotype associated with PDS knockdown was 123 between 80% and 100% following topical application. The blunt syringe leaf infiltration method 124 resulted in around 75% of plants demonstrating the co-silenced bleaching phenotype. 125
Both inoculation methods triggered robust and specific gene knockdown by week three post 126 inoculation ( Figure 1 ). Plants were sampled three weeks post inoculation for further experiments. 127
Transcript abundance of ABC-C6 and ABC-G33 was reduced by 63.3% ± 11.6% (P<0.01**) and 66.3% ± 128 8.6% (P<0.001***) using blunt syringe inoculation. Topical application resulted in transcript 129 knockdown of 64.9% ± 9.4% (P<0.01**) and 46.4% ± 5.8% (P<0.001***) for ABC-C6 and ABC-G33 130 respectively. Due to the improved performance of topical inoculation in terms of plant growth rate, 131 we adopted this method for all subsequent experiments. Only plants that displayed co-silenced 132 bleaching phenotypes were taken for further analysis across all experiments. 133 The GC-MS dataset reveals several compounds that are elevated in root exudates following 313 ABC gene knockdown. When considering this relative to the behavioural response of PPN species to 314 the exudates, we would hypothesise that elevated compounds function as repellents. Our behavioural 315 data corroborate this for hexadecanoic acid, which is elevated following knockdown of ABC-G33, and 316 pentadecane, which is elevated in exudates following knockdown of both ABC-C6 and ABC-G33. Whilst 317 our analysis of individual compounds has not been exhaustive, these observations do provide some 318 confidence in our ability to predict exudate compound function using these approaches. It is clear 319 however, that several of the compounds we selected for subsequent behavioural characterisation 320 have no influence on PPN behaviour in these assays, and that complex interactions are likely involved. 321
It should also be noted that root exudates will contain many additional compounds, which cannot be 322 identified by GC-MS alone. 323
It is increasingly apparent that rhizosphere microbes are vital for plant health, and it has been 324 shown that microbial chemotaxis is an important factor in the early colonisation of plant roots, and 
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367
Virus Induced Gene Silencing 368
Solanum lycopersicum (cv. Moneymaker) seedlings were sterilised by rinsing in 1% sodium 369 hypochlorite (from a diluted commercial bleach) for no more than 1 minute. Seeds were then rinsed 370 in sterile ddH2O three times for no more than 2 minutes per wash. ddH2O was removed and seeds 371 were sown on 0.5x MS agar plates (half strength Murashige and Skoog (MS) basal salt mixture, 2 mM 372 Morpholinoethanesulfonic acid (MES), 1.5% agar (w/v), pH 5.7). Seeds were stratified at 4 o C for 48 h 373 in darkness before transfer to 23°C with 16 h of white light (140 -160 μE.m -1 .s -1 )/8 h. Seedlings were 374 transferred to John Innes number 2 compost upon cotyledon emergence. 375
The tobacco rattle virus (TRV) VIGS vector, pTRV2, was modified to contain a 200 bp fragment 376 of the tomato PDS gene (Solyc03g123760; pTRV2-PDS). We used a co-silencing system as previously Briefly, 30 ng plasmid was added to 50 µl thawed electro-competent A. tumefaciens cells on ice, and 383 then gently mixed by pipette. A single pulse of 2.2 kV was delivered to bacteria in a pre-chilled 1 mm 384 gap cuvette. Cells were suspended in 1 ml LB broth, and incubated at 28°C for two hours at 200 rpm, 385 before plating 50 µl on LB agar plates with 50 µg/ml kanamycin and 50 µg/ml gentamycin. Colonies 386 were screened for successful transformation by colony PCR using universal pTRV backbone primers 387 (see Table 1 ). Plants were inoculated with pTRV1/pTRV2 on the third day after transfer, between 2 -388 4pm. From this point, plants were covered with a foil-lined propagator (to maintain humidity) for 389 approximately 18 h at 18°C; the lower temperature is necessary to promote VIGS efficacy. 390 391
Preparation of A. tumefaciens cultures for tomato inoculation 392
For each construct, a single use glycerol stock was thawed and inoculated into 5 ml of LB broth 393 containing 50 µg/ml kanamycin and 50 µg/ml gentamycin. pTRV1 was divided into two cultures (2 x 5 394 ml). Cultures were then incubated in darkness for 24-48 h at 28°C, with orbital agitation at 180 rpm, 395 to an OD600 of between 0.75 -1. A. tumefaciens cultures were then diluted to a total volume of 50 ml 396 containing 50 µg/ml kanamycin and 50 µg/ml gentamycin, 10 mM MES, and 20 µM acetosyringone. 397
Cultures were then incubated for 24 h at 28°C, with orbital agitation at 180 rpm, after which they were 398 normalised to an OD600 of 1 in infiltration buffer (200 μM acetosyringone, 10 mM MES, 10 mM MgCl2, 399 pH 5.7). Cultures were covered with foil and incubated for 3 h at room temperature. Immediately 400 before topical application, a pTRV1 culture was mixed in a 1:1 v/v ratio with pTRV2, pTRV2-PDS, 401 pTRV2-PDS-ABC-C6, or pTRV2-PDS-ABC-G33, as appropriate. Silwet-L77 was then added to a final 402 concentration of 0.02%. No Silwet-L77 was added for the blunt syringe leaf infiltration method. 403 404
Leaf infiltration and topical application methods
Prior to inoculation, the plants were watered to approximately 0.7 Field Capacity (FC). Leaf infiltration 406 by blunt syringe was conducted as previously described, with a total volume of 0.1 ml injected per 407 plant (Liu et al., 2002 ; Senthil-Kumar & Mysore, 2014) . For topical application, 0.02% Silwett was 408 added to the cultures immediately prior to application. An autoclaved paintbrush (size 10) was used 409 to apply the culture across both abaxial and adaxial surfaces of the cotyledons, as well as the 410 hypocotyl. Five strokes were administered to each seedling with a freshly inoculated paintbrush. Meloidogyne nematode species were maintained on S. lycopersicum (cv. Moneymaker). Four-week 484 old plants were infected with 1,000 J2s. Eggs were extracted eight weeks post infection by first gently 485 rinsing the root tissue free of soil and placing the tissue in a 500 ml Duran bottle. Tissue was then 486 rinsed in 50% bleach for no more than one minute, and then in water, pouring the liquid through 487 nested 180 µM, 150 µM, and 38 µM sieves arranged from largest pore size to smallest on the bottom. 488
For maximum recovery, plant material was then crushed by hand and rinsed in water through the 489 sieves. Eggs collected in the bottom sieve were pelleted and re-suspended in saturated sucrose. 1 ml 490 ddH20 was added to the solution, and eggs were collected by flotation in the water layer by 491 centrifugation at 2000 rpm for 2 minutes. Eggs were collected and placed in a fine mesh filter hatchery 492 (pore size 38 µm) in 5 ml spring water (autoclaved and sterilised by 0.22 µm filter). 50 µL antibiotic / 493 antimycotic solution (Sigma) was added and eggs were incubated at 23°C. Freshly hatched J2s were 494 collected every second or third day in hydrophobically lined microcentrifuge tubes for use in 495 chemosensory and infection assays within 48 h of hatch.
Two 10 week-old tomato (cv. Moneymaker) plants were grown under greenhouse conditions. 1 L 498 ddH20 was poured into the soil and root stock of each pot, and collected after passing through the 499 pot. Additional ddH20 was poured through the pots until the total collection volume reached 1 L. The 500 collected exudate solution was passed through a 0.22 µM filter and stored in glass jars at 4°C until use. 501
For chemosensory assays and infection assays, G. pallida cysts were hatched in 1:1 (v/v) tomato 502 exudate diluted in ddH20 and collected at two to three-day intervals in hydrophobically lined 503 microcentrifuge tubes. 504 505
Soil infection assays 506
Tomato plants exhibiting the co-silenced leaf bleaching phenotype were selected at around 21 days 507 post inoculation, and then challenged with 250 J2s. All treatments were blinded from this stage. Six 508 weeks after J2 inoculation, galls and cysts could be identified. These were counted for each 509 experimentally infected plant. 510
511
PPN chemosensory assays 512
Chemosensory assays were conducted as before (Warnock et al., 2016; by making a solid agar 513 base (3 ml of 1.5% (w/v) agar) in a 60 mm Petri dish. 3 ml of smooth 0.5% (w/v) agar slurry was then 514 poured on top of the solid base. Slurry was prepared by continuous mixing of liquid 0.5% agar until 515 fully cooled. Approximately 150 J2s were then added to the centre of the arena under a microscope. 516
Plates were covered and left in darkness at room temperature (20°C) overnight on a vibration free 517 bench (for approx. 16 h). The numbers of nematodes observed in the different regions of the arena 518 were then counted under a light microscope. The chemosensory index of each assay was calculated 519 as before (Warnock et al., 2016; . 520
521
PPN egg hatching assays 522
Tomato root exudate (collected as described above) was diluted in a 1:1 ratio with ddH2O. 500 µl of 523 diluted exudate was dispensed into wells of a 24-well culture plate. To each exudate sample, between 524 15 and 20 G. pallida cysts were added. Four biological replicates were prepared for each treatment 525 group. The spaces between wells were half filled with ddH20 and the plates wrapped in parafilm to 526 reduce evaporation and changes of volume throughout the experiment. Plates were incubated at 17 o C 527 for 21 days. Each well was checked daily for signs of nematode emergence. Following the first day of 528 emergence, J2s were counted every 48 h. After approximately 3 weeks, the remaining unhatched eggs 529 / J2s were counted in order to obtain a cumulative percentage hatch rate for each exudate sample. 530
The number of emerging J2s at each time point was converted to a cumulative percentage, which was 531 plotted against time as previously described (Campbell & Madden, 1990) . One day-old colonies were inoculated into 3 ml LB broth and orbitally rotated at 180 rpm, overnight 542 (28°C for A. tumefaciens and 37°C for B. subtilis). Cultures were pelleted at 8,000 rpm for 10 min, and 543 the cells were washed in 1.5 ml chemotaxis buffer (10 mM Potassium Phosphate Buffer, pH 7.0), 0.1 544 mM EDTA, 0.05% glycerol, 5 mM Sodium-d,l-Lactate, 0.14 mM CaCl2, 0.3mM (NH4)2SO4). Cells were 545 collected by centrifugation and subsequently re-suspended in fresh chemotaxis buffer to an OD600 of 546 0.002. 200 μl of cell suspension was added to each well of a 96-well plate; ten replicates for each 547 experimental group. 548 1 μl microcapillary tubes (Sigma-Alrdich) were filled with either: (i) experimental root 549 exudates (ABC-C6, ABC-G33, or PDS), (ii) positive (1 mM malic acid), or negative (ddH2O) controls. 550
Loaded microcapillary tubes were placed into the cell suspension wells of the 96-well plate for 1 h, 551 and maintained at 23°C. During this time, planktonic B. subtilis or A. tumefaciens cells could migrate 552 towards, and into, the microcapillary tube. Following the 1 h assay timecourse, the capillary tubes 553 were removed. Excess cell suspension was removed from the outside of each capillary tube by rinsing 554 briefly with ddH2O. The 1 µl content of each capillary tube was ejected into 99 µl of chemotaxis buffer 555 by positive pressure. 20 µl of each solution was spread onto a 1.5% LB agar plate. LB plates were sealed 556 with parafilm, and incubated at 28°C for A. tumefaciens, or 37°C for B. subtilis for 48 h. 
